Bulk metallic glass composites with dual amorphous phases and soft magnetic properties were produced successfully by using hot-pressed technique. Zr-based amorphous powder was mixed homogeneously with Fe-based amorphous powder, and then hot-pressed in their liquid supercooled region. The compacts still display dual amorphous phase structure, and continuous viscosity connection among different amorphous phases. The magnetization curve shows that the structures still exhibit soft magnetic properties originating from the addition of the soft magnetic phase. The successful processing of new bulk metallic glasses (BMGs) with dual amorphous phases gives us a new design concept for new materials, especially for new glass function materials making use of unique softening characteristics of BMG alloys in their liquid supercooled regions.
Introduction
There have been considerable scientific and industrial interests in a variety of BMG composites as a way to further improve mechanical or functional properties compared to monolithic BMGs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Metals or metal fibers as well as ceramics particles [4] [5] [6] [7] are introduced successfully into Zrbased bulk metallic glasses (BMGs) to reinforce or improve the mechanical properties of the BMG. Recently, BMGs reinforced with carbon fibers and carbon nanotubes (CNTs) are also successfully processed 11, 12) and the glass state of the matrix can be retained after processing. Bian et al. reported that BMG composites containing residual CNTs have strong ultrasonic attenuation characteristics. 13, 14) These studies suggest that BMG composites with special functional characteristics have a large possibility to be developed in the future. According to this viewpoint, we have attempted to prepare complex multi-amorphous phase bulk metallic glasses with soft magnetic properties by using a hot-pressed method in the supercooled liquid region of amorphous phases. As a matrix material a Zr 52:5 Cu 17:9 Ni 14:6 Al 10 Ti 5 alloy was used, which is one of the best glass forming alloys developed so far. As an added amorphous alloy, Fe-Ni-P-B amorphous alloys have displayed their excellent soft magnetic properties. 15, 16) It was shown that under the proper processing condition the Fe-Ni-P-B amorphous powder can be dispersed homogeneously in the Zr-based BMG matrix and keep their good soft magnetic properties. The dual amorphous phase BMGs prepared by using hot-pressed technique still exhibit soft magnetic properties.
Experimental Procedure
Ingots with a nominal composition of Zr 52:5 Cu 17:9 Ni 14:6 Al 10 Ti 5 were prepared by arc melting a mixture of high purity Zr, Al, Ni, Cu and Ti under a Tigettered purified Ar atmosphere. Multi-component Fe 40 Ni 40 P 12 B 8 were prepared by using high frequency induction melting of a mixture of pure Fe and Ni metals, pre-alloyed Fe-P ingots and pure B crystal in a purified Ar atmosphere. Zr-based and Fe-based amorphous powders were produced by gas-atomization. Ingots were remelted at a temperature of 100 200 K above the liquidus temperature in a quartz tube under the condition of high vacuum by using the induction-heating method. The melt was injected through a melt delivery nozzle of 0.8 mm diameter, and atomized by high-pressure argon gas with a dynamic pressure of 10 MPa. The mean diameter of both amorphous powders prepared by above gas-atomization method is about 25 50 mm. Chemical analysis of both powders shows that Zr-based powder (Powder A) almost have the same composition as the nominal composition of Zr 52:5 Cu 17:9 Ni 14:6 Al 10 Ti 5 alloy, but there are a little difference in composition between Fe-based powder (Powder B) and the nominal composition. The composition of Powder B obtained from chemical analys is Fe 41:2 Ni 40:7 P 10:6 B 7:5 . Both powders were cleaned in a pure acetone solution, and dried immediately in a vacuum furnace for 2 h. Powder A was mixed homogeneously with different mass percent of Powder B. The mixed powders were put into steel dies and hot-pressed under applied pressure of 600 800 MPa for 300 720 s at the temperature (670 730 K) of the liquid supercooled region of Powder A under a high pure Ar atmosphere. The hot-pressed compacts have a disk shape with the mean thickness of 2 mm. The microstructure of the hot-pressed samples was examined by X-ray diffraction (XRD) with Cu K radiation, and scanning electron microscopy (SEM) attached with an energy dispersive spectrometer (EDS) for composition analysis. The thermal stability, glass transition temperature and crystallization temperature of both powders and hotpressed compacts were analyzed by using differential scanning calorimetry (DSC). DSC measurements were carried out under a purified argon atmosphere in a Seiko DSC 6300 (Exstar 6000, Seiko Instruments Inc.) at a heating rate of 0.33 K/s. The density of the compacts was calculated by the Archimedean technique and the accuracy lies within 1%. Magnetization was measured using a vibrating sample magnetometer (VSM) with a maximum applied field of 1000 kA/m at room temperature. No other phases are detected within the sensitivity limit of XRD. This means that the compact has a dual amorphous structure of Fe-based amorphous phase dispersing randomly in the Zr-based amorphous matrix. Figure 2 displays DSC curves of Zr-based amorphous powder, Fe-based amorphous powder and hot-pressed sample with the addition of 40 mass percent Fe-based amorphous phase prepared under the condition of 800 MPa, 700 K and 600 s. For Zr-based and Fe-based amorphous powder, their glass transition temperature (T g ) is very close. T g of Zr-based and Fe-based amorphous powder is about 673 K and 677 K, respectively. Table 1 lists the crystallized onset temperature (T x ), the supercooled liquid regions (ÁT), and the crystallized peak temperature (T p ) of both powders and the hot-pressed sample (800 MPa). The close T g values mean that both powders almost start to soften simultaneously when the hot-pressed temperature increase to the softening temperature of the amorphous phases. This supplies good conditions for the application of the hot-pressed technique to produce bulky multi-amorphous phase composites. From Fig. 2 , the crystallization behavior of the hot-pressed sample is much different from that of the powders. The crystallization of the dual amorphous structure includes the combined behavior of the crystallization of both amorphous phases. At first, Febased amorphous phase starts to crystallize at 729 K. Following the crystallization of Fe-based amorphous phase, Zr-based amorphous phase also crystallizes at 768 K. No obvious glasses transition process of Zr-based amorphous phase is observed from the DSC curve of the hot-pressed sample. The reasonable explanation for it is that the glass transition process of Zr-based amorphous alloy overlaps with the crystallization behavior of Fe-based amorphous phase. So, it is difficult to identify the glass transition process of Zrbased amorphous phase from this mixing endothermic heat characteristic. Figure 3 exhibits SEM images of Zr-based amorphous powder, Fe-based amorphous powder, and the hot-pressed samples. It can be noticed that the same mean size of both powders is exhibited. The mean diameter of those powders is about 25 50 mm. The same size of both powders is beneficial to mix them together much more homogeneously. SEM morphology of the hot-pressed compact is also shown in Fig. 3(c) . Figure 3 (c) exhibits typical SEM morphology of the unsuccessfully hot-pressed compact on the hot-pressed conditions of 600 MPa, 680 K and 300 s. Two phases are observed on the SEM image. EDS analysis shows that the white phase and the dark phase are the Zrbased and Fe-based amorphous phase, respectively. The discontinuous boundaries among the amorphous phases are also observed. The main reason for it is due to low temperature and short time of hot-pressed process. Figure 4 also displays SEM morphology of a successful hot-pressed compact under the hot-pressed condition of 800 MPa, 700 K and 600 s. It can be seen that the hot-pressed compact shows continuous viscous connection and almost full densification. The interface among the amorphous phases is very continuous. The mean size of the dark phase is much larger of that of the mean diameter of its powder, suggesting that the hot-pressed process cause drastic viscous flow deformation of the amorphous particles in their softening regions. The significant viscous flow deformation under a high press, a proper temperature and a long time loading promotes effectively component atoms to diffuse from one phase to another phase, and lead to continuous connection among the glass phases. Fe-based amorphous phase with soft magnetic properties dispersing randomly in the matrix of Zr-based amorphous alloy forms special dual amorphous phase structure. This structure still exhibits some soft magnetic properties originating from the random dispersion of Fe-Ni-P-B amorphous phase. The hysteresis loop of the hot-pressed sample containing 40% mass fraction of Fe-Ni-P-B amorphous phase is shown in Fig. 5 . The saturation magnetization (I s ) and the coercivity (H c ) are 0.588T and 27.6 A/m, respectively.
From the above investigation, it has been demonstrated that a dual amorphous structure of Fe-Ni-P-B amorphous phase dispersing randomly in the Zr-based BMG matrix was formed by hot-pressing the two amorphous powders. This special structure exhibits some soft magnetic properties due to the addition of soft magnetic glass phase. The successful production of the dual amorphous phase BMGs gives us a new design concept for new materials, especially for new functional glass materials. The basic aim is to prepare complex multi-amorphous phase BMG or BMG composites by making use of the softening characteristics of BMG alloys in their liquid supercooled regions. If the additional phases (amorphous phase or other special phases) have some special function characteristics, it means that the composites still keep the functional properties of the additional phases as the hot-pressed process in their liquid supercooled regions does not destroy the basic microstructure and special properties of both the matrix and the additional phases. From this paper, several basic rules have been found for the preparation of hot-50 µm 50 µm 60 µm
Zr-based amorphous phase
Fe-based amorphous phase A New Soft Magnetic Bulk Metallic Glass with Dual Glass Phases
